Cell signaling affects gene expression by regulating the activity of transcription factors. Here, we report that mitogen-activated protein kinase (MAPK) phosphorylation of Ets-1 and Ets-2, at a conserved site N terminal to their Pointed (PNT) domains, resulted in enhanced transactivation by preferential recruitment of the coactivators CREB binding protein (CBP) and p300. We discovered this phosphorylation-augmented interaction in an unbiased affinity chromatography screen of HeLa nuclear extracts by using either mock-treated or ERK2-phosphorylated ETS proteins as ligands. Binding between purified proteins demonstrated a direct interaction. Both the phosphoacceptor site, which lies in an unstructured region, and the PNT domain were required for the interaction. Minimal regions that were competent for induced CBP/p300 binding in vitro also supported MAPK-enhanced transcription in vivo. CBP coexpression potentiated MEK1-stimulated Ets-2 transactivation of promoters with Ras-responsive elements. Furthermore, CBP and Ets-2 interacted in a phosphorylation-enhanced manner in vivo. This study describes a distinctive interface for a transcription factor-coactivator complex and demonstrates a functional role for inducible CBP/p300 binding. In addition, our findings decipher the mechanistic link between Ras/MAPK signaling and two specific transcription factors that are relevant to both normal development and tumorigenesis.
The connection of cell signaling to changes of gene expression represents a central step in many types of biological regulation. The Ras/mitogen-activated protein kinase (MAPK) pathway exemplifies the relevance of signaling to both normal development and disease. In this pathway, Ras, a GTPase, transmits extracellular signaling from receptor tyrosine kinases to two serine/threonine kinases (Raf and MEK) and, finally, to the activation of MAPKs. Upon nuclear import, MAPKs phosphorylate many different transcription factors, modulating DNA binding affinity, nuclear localization, stability, and interactions with coregulators (20, 58) , thereby regulating gene expression. Genetic studies of Drosophila (54) and Caenorhabditis elegans (48) demonstrate that Ras/MAPK signaling plays a role in normal development. Furthermore, ϳ15 to 20% of all human tumors have an activating mutation in one of three ras genes (N-, K-, or H-ras), and oncogenic mutations in the B-raf gene have been identified for a wide variety of cancers, with 66% of all melanomas being affected (6, 8) . Although many of the components of Ras/MAPK signaling have been characterized, the full array of transcription factors affected is not known. Furthermore, the detailed mechanisms by which phosphorylation modulates transcription factors remain unclear in many cases.
Multiple members of the ETS family of transcription factors are phosphorylated upon activation of the Ras/MAPK signaling pathway. For example, Elk-1 phosphorylation results in recruitment of the mediator complex via its Sur-2 (MED23) subunit (49) , enhanced interaction with the coactivator p300 (27) , and increased DNA binding (62) . Phosphorylation of the mammalian ERF and the Drosophila Yan, on the other hand, leads to their cytoplasmic export (26, 50) . For vertebrate Ets-1, Ets-2, and their Drosophila ortholog Pointed P2 (PNT P2), which constitute one subclass within the ETS family of transcription factors, Ras/MAPK signaling stimulates transcriptional activity but does not affect in vitro DNA binding, nuclear localization, or stability of the proteins (5, 40, 55, 60) . The effect of phosphorylation on ETS protein function differs among the family members, thus providing routes to specificity within this gene family.
Functional studies demonstrate a role for Ras/MAPK signaling in the Ets-1/Ets-2/PNT P2 subgroup of ETS proteins. Specific MAPKs (Rolled or extracellular signal-regulated kinases [ERKs] , respectively) and a single threonine residue (Thr 151 or Thr 38/Thr 72) are implicated in Drosophila and mammalian cells, respectively (2, 33, 35, 40, 60) . ERK-mediated Ets-1/Ets-2 phosphorylation results in persistent, not transient, activation of a distinct set of Ras-responsive element (RRE)-containing genes (9, 11) . Mutation of the site of phosphorylation compromises Ras-dependent superactivation in transient expression assays in both Drosophila and mammalian systems (35, 36, 56, 60) . In addition, mutation in PNT P2 (T151A) blocks R7 photoreceptor development in a dominant negative manner (2) . Loss of the phosphoacceptor site in the sea urchin ortholog affects the epithelial-mesenchymal transition in the normal embryo (43) . Introduction of the phosphoacceptor site mutation into the ets-2 locus in the mouse does not affect normal development, but it restricts mammary tumors promoted by a variety of different transgenic oncogenes. Furthermore, this restriction correlates with decreased MMP-3 and MMP-9 mRNA levels in macrophages of the Ets-2 T72A mutant mouse (31) . In spite of this extensive evidence for a role for the Ras/MAPK signaling in Ets-1, Ets-2, and PNT P2 functions, the mechanism(s) responsible for MAPK phosphorylation-enhanced Ets-1/Ets-2 activity had not been determined previously.
A structural framework for investigation of this problem is available for Ets-1 and, by homology, Ets-2 ( Fig. 1 ). Based on a nuclear magnetic resonance (NMR) approach, the N-terminal PNT domain, which is conserved in Ets-1, Ets-2, and PNT P2, forms a five-helix globular structure that resembles a more broadly observed protein fold known as the SAM domain (Fig.  1B) (22, 29, 47) . The site of MAPK phosphorylation is located at a conserved distance ϳ20 amino acids N terminal to the PNT domain in Ets-1, Ets-2, and PNT P2 (45) . This region displays no secondary structure and appears to be highly flexible. Furthermore, there is no structural change upon phosphorylation (47) . A less-well-conserved transcriptional activation domain (TAD) lies between the PNT and C-terminal DNA binding domain, termed the ETS domain (7, 14) (Fig.  1A) . Ets-2 appears to have a second TAD N terminal to the PNT domain (44) . Transactivation studies suggest that the PNT domain might synergize with the central TAD (44) . One route by which the PNT domain augments transactivation is by recruitment of MAPK. The PNT domain of Ets-1 and Ets-2 provides a docking site for the MAPK ERK2, which is conserved only in Ets-1, Ets-2, and PNT P2 (45) . Additional functions for the domain are reasonable in light of the variety of functions attributed to this domain by other ETS proteins (22, 29) .
We hypothesized that ERK2 phosphorylation might create a binding site for a ligand that would mediate transcriptional activation or that phosphorylation might disrupt a binding partner that represses the activation function. To search for proteins that may preferentially bind unphosphorylated or phosphorylated Ets-1 and Ets-2, we performed affinity chromatography of HeLa nuclear extracts with either mock-treated or ERK2-phosphorylated Ets-1 or Ets-2 as ligands. We discovered that CREB binding protein (CBP) and p300 displayed enhanced binding to phosphorylated Ets-1 and Ets-2. Both an intact phosphoacceptor and the PNT domain were required for the interaction. Functional in vivo tests, including transient expression assays and coimmunoprecipitation, were consistent with the biochemical approaches. We propose that CBP/p300 recruitment is the basis for Ras/MAPK-dependent superactivation by Ets-1 and Ets-2. Our findings suggest a unique interface for a phosphorylated transcription factor-CBP/p300 complex. The interface requires the well-structured PNT domain of Ets-1/Ets-2 as well as an unstructured region with a phosphate moiety. These findings establish the route to activation of Ets-1 and Ets-2 by Ras/MAPK signaling.
MATERIALS AND METHODS
Bacterial expression constructs. FLAG-heart muscle kinase (HMK)-Ets-1 in pET3a was previously described (5) . The T38A mutant replaces a 279-bp XhoI fragment containing the wild-type (WT) codon (ACT) with a fragment encoding the mutated codon (GCT). 6xHis-FLAG-HMK-Ets-1 WT/T38A and 6xHis-FLAG-HMK-Ets-2 WT/T72A were constructed by cloning a FLAG/ HMK cassette (5) into the NdeI site of the respective previously described pET28a(ϩ) Ets-1/Ets-2 constructs (45). 6xHis-FLAG-HMK-Ets-1 1-52 and 6xHis-FLAG-HMK-Ets-2 were made by PCR amplification of the above Ets-1 and Ets-2 1-172 vectors, with products cloned into the unique NcoI and HindIII sites of pET33b(ϩ) (Novagen).
Mammalian expression vectors. Plasmids encoding fusion proteins with the GAL4 DNA binding domain (1-147), GAL4:Ets-1 , GAL4:Ets-1 1-243 , GAL4:Ets-1 , GAL4:Ets-1 1-52 , GAL4:Ets-2 1-172 , and GAL4:Ets-2 1-86 , were created by cloning PCR-amplified coding sequences with an additional C-terminal FLAG tag into pFA-CMV (Stratagene) at the unique Asp718 and EcoRI sites. The Ets-1 1-138 T38A and Ets-2 1-172 T72A mutants were made by using a QuikChange Site-Directed Mutagenesis Kit (Stratagene). pMLC1 ⌬N3 S218E, S222D MEK1, also known as CA-MEK1, was previously described (45) . The corresponding empty vector was made by removal of the MEK1 open reading frame. pRc/RSV-mCBP-HA-RK (a kind gift of Dimitris Thanos, Columbia University), which expresses hemagglutinin-tagged full-length mouse CBP, has been described previously (46) . The empty vector, pRc/RSV, was from Invitrogen. Cytomegalovirus (CMV) vectors expressing FLAG-tagged full-length mouse Ets-2 or Ets-2 T72A were previously described (45) . Luciferase reporter vectors. pFR-Luc, which has five GAL4 sites upstream of a TATA box driving firefly luciferase, was from Stratagene. 4xGAL4-TK-Luc, which has four GAL4 binding sites upstream of a thymidine kinase promoter, was a kind gift of Don Ayer, University of Utah. The artificial double ETS site RRE-Luc reporter was constructed by cloning annealed oligonucleotides 5ЈCGCGTAGGCCAGACCGGAAGCGTACTTCCGGTGCAATCGG 3Ј and 5ЈCTAGCCGATTGCACCGGAAGTACGCTTCCGGTCTGGCCTA 3Ј, which display two inverted ETS binding sites (underlined), into the MluI and NheI sites of a minimal prolactin promoter (45) . The MMP-9 RRE-Luc reporter has been VOL. 24, 2004 RECRUITMENT OF CBP/p300 BY PHOSPHORYLATED Ets-1/Ets-2previously described (45) . The Renilla internal control, pRL-null, was from Promega. Antibodies. Anti-Ets-1 (UT2), which was raised in rabbits against the Cterminal 13 amino acids of murine Ets-1, has been described previously (15) . Anti-Ets-1 (UT101A) against the Ets-1 PNT domain (residues 29 to 138) was raised in rabbits. Anti-CHD4 was a kind gift of Weidong Wang (National Institutes of Health). Commercial rabbit antibodies include anti-PCAF (Upstate Biotechnology), anti-BRG1 (Active Motif), anti-Daxx (Affinity BioReagents), and Santa Cruz Biotechnology antibodies anti-CBP/p300 (sc-1211), anti-CBP (A-22, sc-369), anti-p300 (N-15, sc-584), anti-RNA pol II LS (sc-899), anti-TRAP230 (sc-5372), anti-SRC-1 (sc-8995), anti-His (sc-804), anti-total ERK2 (sc-154), and anti-Ets-2 (C-20, sc-351). Commercial mouse monoclonal antibodies include anti-phos-Thr-Pro and anti-phospho-p44/42 MAPK E10 (Cell Signaling Technologies), anti-Sur-2 (BD Biosciences), anti-FLAG M2 Affinity Gel (Sigma), and anti-TAF II 250 (sc-735) plus anti-GAL4 DNA binding domain (anti-GAL4DBD) (sc-510) (Santa Cruz Biotechnology). Secondary antibody-horseradish peroxidase conjugates were from Santa Cruz Biotechnology (goat) or Amersham (donkey).
Silver staining and Western blotting. Silver staining of 4 to 15% or 4 to 20% gradient gels (Bio-Rad) was performed essentially as described previously (23) . Western blotting was performed on protein-immobilized polyvinylidene difluoride (PVDF) membranes (Schleicher & Schuell) according to the ECL Plus detection kit (Amersham) protocol. Blots were stripped by an ECL Plus kit protocol.
Expression and purification of recombinant proteins. Full-length FLAG-HMK-Ets-1 WT/T38A was expressed in bacteria and purified as described in reference 5. All 6xHis-FLAG-HMK-Ets-1/Ets-2 proteins were expressed in bacteria and purified as described previously (45) , with the following exceptions. Ni-NTA agarose (QIAGEN) columns were employed, and His-tagged proteins were step eluted in 50 mM sodium phosphate (pH 7.8), 500 mM NaCl, and 250 mM imidazole (Sigma). Appropriate fractions, as determined by Coomassie blue staining, were pooled, dialyzed into buffer A (45) supplemented with 0.2 mM phenylmethylsulfonyl fluoride (PMSF), snap-frozen on liquid nitrogen, and stored at Ϫ80°C.
Baculoviruses encoding full-length human p300-6xHis (kind gift of W. Lee Kraus, Cornell University; 24) and 6xHis-murine CBP (kind gift of Dimitris Thanos; see reference 3) were used to infect Sf9 insect cells grown in liquid SFM II medium (Invitrogen) at 25°C with gentle shaking. Cell lysis was accomplished by Dounce homogenization in a previously described buffer (24) . Soluble protein was then loaded onto a 5-ml HiTrap chelating column (Amersham), and Histagged protein was eluted with a linear imidazole gradient (15 to 500 mM). Fractions were run on sodium dodecyl sulfate-8% polyacrylamide gel electrophoresis (SDS-PAGE) gels, and appropriate fractions were pooled and stored at Ϫ80°C.
Phosphorylation of Ets-1 and Ets-2. Phosphorylation of Ets-1 and Ets-2 species was performed with purified rat activated ERK2 (45) . Complete phosphorylation was confirmed by mobility shifts of ETS proteins with SDS-PAGE gels or by incorporation of 32 P by inclusion of [␥-32 P]ATP (ICN Biomedicals, Inc.) in kinase reactions (C. E. Foulds, unpublished data). Kinase reactions were performed with ERK2 buffer, 25 mM Tris (pH 7.2), 1 mM dithiothreitol (DTT), 10 mM MgCl 2 , 1 mM ATP (Pharmacia), 12 mM ␤-glycerophosphate (B-GP) (Sigma or Calbiochem), 0.5 mM Na 3 VO 4 (Sigma), and 0.2 mM PMSF with glycerol and KCl provided by the ETS and ERK2 protein solutions. A roughly 35 M concentration of Ets-1 , Ets-1 1-138 , Ets-2 1-172 , or the corresponding T38A/T72A mutants was incubated with ERK2 at a 10:1 molar ratio at 30°C for 1 h. Optimal phosphorylation of a ϳ140 M concentration of Ets-1 and Ets-2 1-86 was accomplished at a 100:1 molar ratio.
␣-FLAG bead binding assay. HeLa S3 cell pellets were obtained from the National Cell Culture Center, and nuclear extract was prepared as described previously (23) . The concentration of protein in extract was determined by UV spectroscopy (16) and Bradford assay (Bio-Rad). The anti-FLAG bead binding assay was adapted from a previously described glutathione S-transferase affinity binding assay (41) . FLAG-tagged Ets-1 or Ets-2 protein which was previously either mock treated or phosphorylated by ERK2 was immobilized to 60 l of anti-FLAG M2 Affinity Gel in BB180 buffer, 20 mM HEPES (pH 7.9), 180 mM KCl, 10% glycerol, 0.2 mM EDTA, 0.5 mM PMSF, 12 mM 〉-GP, 0.5 mM Na 3 VO 4 , and 1ϫ complete mini-protease inhibitor cocktail (Roche) containing ϳ0.25 mM DTT by gentle rocking at 4°C for 1 h. Beads were washed three times with 1.2 ml of the above buffer, and then preincubated with 1.2 ml of blocking buffer BB180 with 0.25 mM DTT, 0.05% NP-40, and 1 mg of bovine serum albumin (fraction V; Sigma)/ml at 4°C for 1 h with rotation. The blocking buffer was removed, and ϳ2 mg of nuclear extract was added to the beads. Binding of proteins to beads occurred with gentle rotation at 4°C for at least 12 h. Beads were washed four times with 1.2 ml of BB180 supplemented with 0.25 mM DTT and 0.1% NP-40 to remove unbound proteins. FLAG-tagged Ets-1 and Ets-2 proteins and associated proteins were eluted competitively from the anti-FLAG beads with 0.1 mg of 1ϫ FLAG peptide (Sigma)/ml in the above wash buffer. Eluates (ϳ600 l) were trichloroacetic acid precipitated by a standard protocol (23) , and dried protein pellets were resuspended in SDS sample buffer for SDS-PAGE. Western blotting, with the antibodies indicated in the figure legends, was used to detect CBP, p300, and other components present in the nuclear extract. Subsequent probing with anti-Ets-1 or anti-His showed a similar level of Ets-1/Ets-2 bound to the beads.
Direct protein-protein interaction assays. Purified CBP or p300 protein (Coomassie stain estimate versus the bovine serum albumin standard) at a final concentration of ϳ20 nM was incubated with ϳ240 pmol of FLAG-tagged Ets-1/Ets-2 previously bound to 20 l of anti-FLAG M2 Affinity Gel in BB180 buffer, as described above. FLAG-tagged ETS proteins were present in a molar excess of ϳ50-or ϳ120-fold over CBP or p300, respectively. Washing conditions to remove unbound protein were the same as for the bead binding assay with HeLa extracts. Bound proteins were eluted by boiling in SDS sample buffer, subjected to SDS-PAGE, transferred to PVDF membrane, and then probed with anti-CBP or anti-p300. Subsequent probing with anti-Ets-1 or anti-His showed that similar levels of Ets-1/Ets-2 had been bound to the beads.
Transfections and luciferase assays. NIH3T3 mouse fibroblasts were grown, transfected by a calcium phosphate precipitation method, and serum starved as previously described (45) . Firefly luciferase activities were normalized to Renilla luciferase activity from cotransfected pRL-null according to a published protocol (45) . Each transfection was balanced for the same amount of total DNA (by adding sheared salmon sperm DNA where needed) and for promoter effects (by adding appropriate empty vectors). Transfection mixes shown in Fig. 4 contained 5 g of total DNA, composed of 2.5 g of luciferase reporter, 0.6 to 1 g of pRL-null, and 100 ng of CA-MEK1 cotransfected with 100 ng of the indicated CMV-GAL4 fusion. In Fig. 5, 13 g of DNA, composed of 1.9 g of luciferase reporter, 0.9 g of pRL-null, 100 ng of CA-MEK1, 100 ng of full-length Ets-2 or Ets-2 T72A , and a total of 10 g of Rous sarcoma virus vector (empty plus CBP expression vector; see figure legend), was transfected.
To determine steady-state GAL4 fusion protein levels with anti-GAL4DBD, 3T3 cells were transfected by Lipofectamine, according to Invitrogen's protocol, to obtain higher transfection efficiency. One microgram of GAL4:ETS fusion vector (or GAL4DBD only) and 1 g of CA-MEK1 (or empty vector) was mixed with 10 l of Lipofectamine. After transfection, cells were serum starved exactly as done previously. Lysates were prepared by boiling cells in 3ϫ SDS sample buffer for Western blotting. Ponceau S staining confirmed that equal protein levels were transferred onto PVDF membranes.
⌬B-Raf:ER* cell assays. ⌬B-Raf:ER* NIH3T3 cells, which stably express a mouse B-Raf kinase domain-mouse ER fusion protein that is activated by 4-hydroxy-tamoxifen (4-HT), were a kind gift of Martin McMahon, University of California, San Francisco, Calif. (59) . Cells were incubated in phenol red-free Dulbecco's modified Eagle medium containing 0.5% fetal bovine serum (HyClone) to serum starve prior to the addition of 4-HT. To monitor the effect of Ras/MAPK signaling on transcription activity, ϳ2.5 ϫ 10 5 ⌬B-Raf:ER* cells were plated in six-well dishes (Falcon), transfected by a calcium phosphate precipitation method, serum starved for 20 to 24 h, and harvested for dual luciferase activities after indicated times of exposure to 1 M 4-HT (Sigma). Transfection mixes contained 5 g of total DNA composed of 2.5 g of luciferase reporter, 1 g of pRL-null, 100 ng of the indicated Ets-2 expression vector, and 1.4 g of salmon sperm DNA. To assay endogenous ERK1/ERK2 activation, ϳ2.5 ϫ 10 5 ⌬B-Raf:ER* cells were serum starved for 42 h. After receiving starvation medium lacking 4-HT or supplemented with 1 M 4-HT for listed times, cells were harvested by direct lysis in 100 l of 1.5ϫ SDS sample buffer. One-fourth of the whole cell protein lysate was loaded onto a 10% SDS-PAGE gel and was assayed by Western blotting. For coimmunoprecipitations, ϳ1.5 ϫ 10 6 ⌬B-Raf:ER* cells were plated in 100-mm dishes and transfected with 12 g of CMV-FLAG-Ets-2 or -Ets-2 T72A vector and 60 l of Lipofectamine. After 42 h of serum starvation, starvation media either lacking 4-HT or containing 1 M 4-HT was added for 4 h. Cells were washed once with ice-cold phosphatebuffered saline, and then scraped off dishes in 1-ml lysis buffer, 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, 1ϫ complete mini-protease inhibitors (Roche), 1 mM PMSF, 50 mM NaF, 20 mM 〉-GP, 0.2 mM activated Na 3 VO 4 , and 2.5 mM sodium pyrophosphate. Cells were sonicated as described previously (65) and clarified at 20,879 ϫ g for 15 min at 4°C. Lysates were precleared with 40 l of 50% slurry of protein A-agarose (Pierce) at 4°C for at least 30 min. Forty microliters of 50% slurry of anti-FLAG M2 Affinity Gel was added to the cleared lysates, and incubation was continued at 4°C for between 1.5 to 20 h. Following three washes in lysis buffer, 3ϫ SDS sample buffer was added 10956 FOULDS ET AL. MOL. CELL. BIOL.
to the anti-FLAG beads and eluted proteins were analyzed by 4 to 15% gradient SDS-PAGE and Western blotting.
RESULTS
CBP/p300 interact preferentially with ERK2-phosphorylated Ets-1 and Ets-2. ERK1/ERK2-dependent phosphorylation of Ets-1 and Ets-2 enhances transcriptional activity; thus, the modification may induce dissociation of a corepressor and/or recruitment of a coactivator. We searched for these putative interacting proteins by using bead-immobilized Ets-1 that was phosphorylated in vitro with purified ERK2 or mock treated (Fig. 2) . Numerous proteins from HeLa nuclear extract bound both phosphorylated and mock-treated Ets-1; however, a single major species that was greater than 200 kDa bound preferentially to phosphorylated Ets-1 ( Fig. 2A) . Based on antibody detection of phosphorylated or mock-treated Ets-1 in eluate, we determined that this preference was not due to the uneven loading of beads. For identification of the phosphory-FIG. 2. Enhanced binding of CBP/p300 from HeLa nuclear extract to Ets-1 and Ets-2 requires ERK2 phosphorylation and PNT domain. Anti-FLAG agarose beads were loaded with different FLAG-Ets-1/Ets-2 species, as indicated, and then incubated with HeLa nuclear extract. After washing, bound species were eluted with FLAG peptide. Fifty percent of the sample was analyzed by stained gel, and 50% was used for Western analysis. NE, 2% of input nuclear extract; B, eluate from beads not loaded with Ets-1 species but incubated with extract; M, molecular mass standards (in kilodaltons). (A) Upper panel, silver-stained SDS-PAGE gradient gel of FLAG peptide eluate from beads loaded with Ets-1 1-440 , treated or mock treated with ERK2. Arrowhead, Ͼ200 kDa phosphorylation-dependent binding species. Lower panels, Western blots of FLAG eluate for bead loading control: anti-Ets-1 (UT2) detects Ets-1 (the apparent doublet is due to saturation of film in enhanced chemiluminescence detection); anti-phos-Thr-Pro antibody confirms that ERK2 phosphorylation of Ets-1 is retained during the experiment. (B) Ets-1 with the wild-type or mutant phosphoacceptor site tested as in panel A. Western blotting of FLAG peptide eluates with antisera as indicated. Upper panels, antibody with reactivity for CBP and p300 as well as antibody specific for CBP detects phosphorylation-dependent species in the Ͼ200-kDa range. The smaller species detected by anti-CBP/p300 are assumed to be CBP/p300 fragments. Lower panel, anti-Ets-1 (UT101A) antibody detects Ets- phosphorylation by ERK2 is retained during the experiment.
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lation-dependent binding species, the bead eluate was screened by Western analysis with antibodies against known transcription factors of high molecular weight. Candidates included CHD4, TAF II 250 (TAF1), TRAP230 (MED12), the large subunit of RNA pol II, and CBP/p300. Only antibodies against CBP and/or p300 recognized a high-molecular-weight species with phosphorylation dependence (Fig. 2B ) ( Table 1) . Consistent with this identification, the largest reactive species migrated on an SDS-PAGE gel with a mobility similar to that of purified human p300 (Foulds, unpublished) . Antibody screening identified one of the phosphorylation-independent binding species as the mediator subunit Sur-2 (MED23) ( Fig.  2B ; Table 1 ). This phosphorylation-independent binding activity confirmed the equivalence of the Ets-1 species on the two types of affinity beads except for the addition of the phosphate moiety. Beads loaded with Ets-1 T38A , which bears a mutation in the phosphoacceptor site, displayed severely reduced binding to CBP/p300, but retained binding to Sur-2 (Fig. 2B) . These initial findings suggested that Ras/MAPK-directed phosphorylation of Ets-1 enhances the recruitment of coactivators CBP/p300.
Because both Ets-1 and the highly related Ets-2 are activated by Ras/MAPK signaling, we speculated that a domain conserved in Ets-1 and Ets-2 would be essential for the binding (Fig. 1A) . Indeed, fragments of Ets-1 and Ets-2 that comprise both the conserved MAPK site (threonines 38 and 72, respectively) and PNT domain were sufficient for phosphorylationenhanced CBP/p300 binding. Again, phosphoacceptor site mutants showed severely reduced binding (Fig. 2C) . Interestingly, based on equimolar bead loading, phosphorylated Ets-2 showed higher binding activity for CBP/p300 than Ets-1 . Phosphorylated N-terminal regions that flank the PNT domains and bear the phosphoacceptor sites Ets-1 and Ets-2 were not sufficient for CBP/p300 binding (Fig. 2D) . Thus, in addition to the region bearing the phosphoacceptor, the PNT domain is necessary for the phosphorylation-dependent binding to CBP/p300. Consistent with our previous report that the PNT domain of Ets-1 and Ets-2 provides a docking site for ERK2 (45), we detected both endogenous and added recombinant ERK2 bound to Ets-1/Ets-2-immobilized beads (Foulds, unpublished) . Controls in which ATP addition or omission was used to produce phosphorylated or unphosphorylated species were performed. Phosphorylation-dependent binding of CBP/p300 was observed (Foulds, unpublished) , thus demonstrating that ERK2 was not serving as a bridging factor in these beadbinding assays.
Phosphorylated Ets-1 and Ets-2 directly interact with CBP/ p300. Because nuclear extract may include auxiliary factors, we next tested for direct binding with CBP and p300 that was partially purified from an insect cell expression system (Fig.  3A) (M. L. Nelson, unpublished data). CBP and p300 bound unphosphorylated Ets-1, but this interaction was enhanced upon ERK2 phosphorylation (Fig. 3B) (Foulds, unpublished) . Furthermore, phosphorylated Ets-1 and Ets-2 1-172 , but not phosphoacceptor site mutants, bound CBP and p300 in an enhanced manner (Fig. 3B to D) (Foulds, unpublished) . The minimal N-terminal fragments, Ets-1 and Ets-2 1-86 , did not bind CBP/p300 at detectable levels ( Fig. 3C and D) (Foulds, unpublished) . In contrast to experiments with nuclear extract, the assays with purified CBP and p300 detected binding to unphosphorylated species. This binding may be inhibited in nuclear extracts by proteins that mask phosphorylation-independent interfaces on the ETS species. In conclusion, Ets-1 and Ets-2 interacted directly with CBP/p300 and, consistent with findings with extracts, the phosphorylation enhancement mapped to the PNT domain and N-terminal extensions.
Functional tests of phosphorylation-enhanced recruitment of CBP/p300. To test the functional relevance of phosphorylation-enhanced CBP/p300 binding, we compared the transcriptional activities of Ets-1 and Ets-2 under conditions of MAPK activation in the mouse fibroblast cell line NIH3T3. To facilitate tests of ETS protein fragments, GAL4 DNA binding domain fusions and reporter plasmids with multiple GAL4 binding sites were used in transient expression assays. Controls showed that all GAL4 fusion proteins were expressed at roughly similar levels (Fig. 4) . To ensure maximal MAPK (pre- FIG. 3 . Direct phosphorylation-enhanced binding of Ets-1 and Ets-2 to CBP. Anti-FLAG agarose beads were loaded with different FLAG-Ets-1/Ets-2 species, as indicated, and then incubated with CBP from a baculovirus expression system. After washing, bound CBP and Ets-1/Ets-2 species were eluted with SDS-PAGE sample buffer and subjected to electrophoresis and Western blotting for detection of CBP binding or for bead loading controls. M, molecular mass standards (in kilodaltons); B, eluate from beads not loaded with Ets-1/Ets-2 species but incubated with CBP. Western blots for loading controls detected Ets-1/Ets-2 fragments with anti-His, except for Ets-1 1-440 species, which were identified by anti-Ets-1 (UT2). RECRUITMENT OF CBP/p300 BY PHOSPHORYLATED Ets-1/Ets-2sumably ERK1/ERK2) activation, an expression plasmid for constitutively active MEK1 (CA-MEK1) was coexpressed. Cells were serum starved after transfection to enhance the stimulatory effect of CA-MEK1. We first addressed the minimal region required for MEK1 induction by using Ets-1 1-331 , Ets-1 , and Ets-1 1-138 fragments fused to GAL4 (Fig. 4A) . Although basal levels of these fusion proteins differed due to the presence of the TAD between 138 and 243 (Fig. 1A) , the 1.5-to 3.5-fold induction by CA-MEK1 was similar. These mapping results are similar to those obtained by the use of oncogenic Ras with GAL4 fusions to an alternative form of Ets-1 in chickens (55) and with a GAL4-Ets-2 1-172 fusion (10) . To compare CBP/p300 binding to transcriptional activity more directly, we tested additional GAL4 fusion proteins from (Fig. 4B) . Interestingly, Ets-2 1-172 had stronger activation activity than Ets-1 , consistent with the stronger CBP/p300 binding activity of Ets-2 . Also, consistent with binding studies, the transcriptional activity of Ets-1 and Ets-2 1-86 fusions were similar to the activity of the GAL4 DNA binding domain alone (Fig. 4B ). This result is consistent with the failure of phosphorylated Ets-1 1-52 and Ets-2 to bind CBP/p300 in vitro. Alternatively, the requirement for the PNT domain may reflect the role of this domain in efficient ERK phosphorylation of Ets-1 and Ets-2 (45). In conclusion, the phosphoacceptors and PNT domains of Ets-1 and Ets-2 are required for Ras/MAPK enhancement of both transcription and CBP/p300 binding.
The binding and transcription assays predict that CBP/p300 are phosphorylation-enhanced coactivators of Ets-1 and Ets-2. To test directly for this synergism, we added CBP to Ets-2 transient expression assays in NIH3T3 cells. Native Ras-responsive elements (RREs) that represented either the composite Ets/AP-1 site from the murine MMP-9 promoter or an arrangement of two inverted ETS binding sites that mimicked those found in the MMP-3 promoter were utilized. Consistent with previous reports (45, 49) , Ets-2, in the presence of CA-MEK1, synergistically activated both reporters (Fig. 5) . CBP coexpression further enhanced both the MMP-9 and double ETS site reporters. The phosphoacceptor site mutant, Ets-2 T72A , was compromised in both superactivation and, more importantly, CBP coactivation (Fig. 5) . This result was not due to differences in the levels of wild-type and mutant Ets-2 as determined by quantitative immunoprecipitations (45) . The use of the double ETS site reporter demonstrated that an AP-1-type binding factor was not necessary for Ets-2:CBP cooperation. In conclusion, CBP binding data correlated with enhanced transcription of Ras-responsive promoters.
To further investigate the functional significance of the phosphorylation-enhanced binding of CBP, we tested for an effect of Ras/MAPK signaling on the in vivo association of CBP and Ets-2. We used an NIH3T3 cell line with a conditional B-raf allele (⌬B-Raf:ER*) in which B-Raf activity can be induced by 4-hydroxy-tamoxifen (4-HT) treatment (59) . As previously reported, the ⌬B-Raf:ER* fusion protein is rapidly activated in a sustained manner, as detected by ERK1/ERK2 activation (Fig. 6A) . Transfection of a double ETS site reporter, but not the minimal promoter lacking ETS sites, along with FLAG-Ets-2 resulted in transcriptional activation in response to 4-HT treatment that was reduced in the Ets-2 T72A mutant (Fig. 6B) . These results are consistent with previous work with a 3T3 cell line expressing a Raf-1:ER fusion, in which Ets-2 phosphorylation was directly correlated with reporter activation (33). This inducible system was then used to test whether endogenous CBP associated with Ets-2. By coimmunoprecipitation, we observed a 4-HT-dependent binding of endogenous CBP with FLAG-Ets-2, but not with FLAG-Ets-2 T72A . This result was not due to differences in the amounts of Ets-2 immunoprecipitated by anti-FLAG beads or by different CBP levels in the lysates (Fig. 6C ) (C. E. Foulds and A. G. Blaszczak, unpublished data). In sum, these findings support the proposal that Ras/MAPK signaling leads to enhanced recruitment of CBP/p300 by Ets-1 and Ets-2 to augment their transcriptional activation. anism by which Ras/MAPK-dependent phosphorylation enhances the transcriptional activity of Ets-1 and Ets-2. We show that CBP and p300 preferentially bind phosphorylated Ets-1 and Ets-2 in cell extracts and with purified proteins. Importantly, we have shown that phosphorylation at the MAPK site of Ets-1/Ets-2 and the presence of a PNT domain are both required for maximal CBP/p300 interaction. To test the functional significance of the phosphorylated Ets-1/Ets-2-CBP/ p300 interaction, we showed that the Ets-1/Ets-2 residues required for maximal binding in vitro are also critical for MAPKinduced transcription in vivo, that CBP augmented MAPKinduced Ets-2 transactivation, and, finally, that endogenous CBP and recombinant Ets-2 displayed phosphorylation-enhanced interaction in vivo. We predict that the apparent ortholog of vertebrate Ets-1 and Ets-2, Drosophila PNT P2, which has been genetically implicated to function downstream of Ras signaling, also displays this interaction.
We propose a working model for how MAPK-phosphorylated Ets-1/Ets-2 activates transcription at a subset of RREs by recruitment of CBP/p300 (Fig. 7) . For simplicity, we have modeled this interaction on Ets-1/Ets-2 prebound to target genes in the nucleus. Corepressor binding, documented for unphosphorylated Ets-1 and Ets-2 via their PNT domains (1, 21, 28, PNT domain to phosphorylate Ets-1 and Ets-2 at T38 and T72, respectively. We speculate that this association happens at the RRE and that CBP/p300 binding then ensues. We also illustrate that recruited CBP/p300 then increases transcription in part by stabilizing preinitiation complex formation (i.e., RNA pol II and the basal machinery) at the promoter (reviewed in reference 53). Additional DNA binding factors, such as AP-1, Pit-1, and vitamin D receptors (dashed box), may also bind the activated promoter.
VOL. 24, 2004 RECRUITMENT OF CBP/p300 BY PHOSPHORYLATED Ets- (12, 66) . Because Ras/MAPK signaling also affects the activity of DNA binding partners of Ets-1/Ets-2 (e.g., c-Jun/ATF-2 at an overlapping AP-1 site) (20, 58) , these proteins are added to the induced state. This mechanism is different from Ras/ MAPK signaling to the well-characterized ETS protein Elk-1 that functions at serum response elements with SRF. Elk-1, which lacks a PNT domain, recruits both p300 and the mediator complex by a phosphorylation-dependent mechanism (27, 49) . Binding interface for the phosphorylated Ets-1/Ets-2-CBP/ p300 complex. The finding that phosphorylation enhances the CBP/p300 interaction with Ets-1/Ets-2 extends previous findings (18, 32, 59a, 61) . Specifically, the CBP/p300 CH1/TAZ1 domain is reported to interact with Ets-1 and Ets-2 1-290 (18, 61) , the CBP/p300 CH3 domain associates with full-length Ets-1, Ets-2 1-290 , or Ets-2 289-469 (18, 61) , and the CBP Cterminal SRC1 interaction domain binds the Ets-2 PNT domain (residues 60 to 170) (32) . Our data provide new insight into these interactions, as we show that Ets-1 and Ets-2 1-172, upon ERK2 phosphorylation, have increased affinity for CBP/p300. We provide evidence that phosphorylation at T38/ T72 and the PNT domain of Ets-1/Ets-2 are both required for the binding interface. The residues 153 to 210 of the Ets-1 central TAD, not the PNT domain, were reported to be necessary for CH1/TAZ1 binding (61) , and the effect of phosphorylation of Ets-2 on SRC1 interaction domain binding was not tested. Based on comparing CBP/p300 binding to that of Ets-1 and Ets-1 1-138 , we hypothesize that there are both constitutive and inducible CBP/p300 binding regions in full-length Ets-1, with residues 1 to 138 providing the phosphorylation enhancement and residues 139 to 440 potentially providing constitutive contacts. This postulate may explain why Ets-1 T38A retains some transcriptional activity (see references 37 and 45). Finally, based on the interface of the phosphorylated Ets-1/ Ets-2-CBP/p300 binary complex, we can suggest a possible mechanism for functional specificity in the ets family of transcriptional regulators. Approximately 40% of ETS proteins have a PNT domain, yet only the subgroup with vertebrate Ets-1/Ets-2 and Drosophila PNT P2 has a juxtaposed MAPK substrate site (45) . Therefore, MAPK and subsequent CBP/ p300 docking provides a distinct regulatory pathway for this subgroup of ETS proteins.
The phosphorylated Ets-1 and Ets-2 interaction with CBP/ p300 is distinct from that observed for other phosphorylated transcription factors, e.g., CREB (42), NF-B p65 subunit (68), Elk-1 (27) , GATA-4 (51), Smad3 (17), E2F-5 (34), forkhead box M1B (30), Kruppel-like factor 5 (67), Stat1 (52), p53 (25) , HIF-like factor (13) , and microphthalmia transcription factor (39) . The phospho-CREB:CBP interaction was the first discovered (4) and remains the best structurally characterized example of phosphorylation-dependent CBP binding. The unstructured, phosphorylated kinase-inducible domain of CREB adopts structure upon CBP binding (42) . The interfaces of other transcription factors also have been proposed to employ unstructured regions, although no structural data are available. We have shown that an NMR-defined unstructured region of Ets-1 is important for CBP/p300 interaction; however, the juxtaposed well-folded PNT domain is also required for maximal CBP/p300 binding. The unstructured region may be induced to fold in the complex or function in the flexible state. Further biochemical and structural studies are required to determine whether structural transitions play a role in the specificity of the interface.
A biological role for Ets-1/Ets-2 phosphorylation-enhanced CBP/p300 recruitment. To date, constitutive Ras/MAPK signaling can result from activating mutations in either ras or B-raf genes (6, 8) . The resultant oncogenic proteins can affect cellular processes associated with malignancy, such as stimulated proliferation, inhibited apoptosis, induced angiogenesis, and increased invasiveness (8) . Targets of the Ras/MAPK pathway include multiple members of the ETS family of transcription factors (14, 66) . Ets-1 and Ets-2 proteins were the focus of this study because their phosphorylation at T38 and T72, respectively, correlates with increased transcription of a subset of RRE-containing genes. Several of these genes, which are candidate Ets-1/Ets-2 targets, regulate remodeling of the extracellular matrix, an essential step in tumor growth and invasion, including the serine protease uPA and several matrix metalloproteinases (e.g., MMP-1, MMP-3, and MMP-9) (7, 31, 56, 60, 66) . A better understanding of the phosphorylated Ets-1/Ets-2-CBP/p300 interface will facilitate the development of potential cancer therapeutics aimed at disrupting the interaction and potentially reducing the transcription of some RRE-containing genes.
In conclusion, our results provide an example of how functional specificity can be achieved in a transcription factor family by the use of a phosphorylation site and a juxtaposed protein interaction domain common to only a few members. Our findings demonstrate how the Ras/MAPK signaling pathway activates Ets-1/Ets-2 by promoting a unique binding interface with a coactivator. The binding mechanism further implicates a physiological role in converting extracellular proliferation signals to transcriptional activation of Ets-1-and Ets-2-dependent target genes.
